We investigated the structural and magnetic properties of Co 2 FeAl 0:5 Si 0:5 (CFAS) thin films on GaAs substrates. The CFAS thin films grew epitaxially on GaAs with CFAS (100)[100] k GaAs (100)[100] relation and formed an ordered L2 1 structure with substrate heating deposition at T SUB ¼ 300 C, 400 C and post annealed at T PA ¼ 400 C. Moreover, we confirmed the no reaction between CFAS and GaAs. The CFAS thin films on GaAs showed strong uniaxial magnetic anisotropy with an easy axis of ½110 CFAS (½110 GaAs ) direction and the magnetic anisotropy generally increased by decreasing the thickness of CFAS. The magnetic moment of the CFAS film deposited with substrate heating at 300
Introduction
Recently, high efficient spin injection into semiconductors (SC) from ferromagnet (FM) is required for the spintronics devices with FM/SC hybrid structure such as spin-polarized field-effect transistor (FET). However, spin injection efficiency is still low at room temperature. [1] [2] [3] [4] To improve spin injection efficiency further, Schmidt et al. suggested using high spin polarized ferromagnet as spin injector. 5) Such a material includes half-metallic ferromagnets (HMF) because they have been predicted to exhibit 100% spin polarization at the Fermi level. It is clarified that various materials are HMF, for example, oxide compounds (e.g., CrO 2 , 6) Fe 3 O 4
7)
), perovskite (e.g., La 2=3 Sr 1=3 MnO 3 8) ), zinc-blende compounds (e.g., CrAs 9) ) and Heusler alloys (e.g., NiMnSb, 10) Co 2 -MnSi 11) ). In particular, some of the Co-based full-Heusler alloys are expected to be half metallic even at room temperature because of their high curie temperature. The spin polarization of full-Heusler alloys depends on the degree of their structural ordering, and generally, the more orderly structure they have, the higher spin polarization they show. Especially, Co 2 FeAl 0:5 Si 0:5 (CFAS) on MgO substrate showed high spin polarization of 0.81 at room temperature. 12) A lattice mismatch between CFAS and GaAs (0.47%) is smaller than CFAS on MgO. Therefore, we can not only expect the epitaxially growth of CFAS on GaAs but also the highly ordered CFAS on GaAs more easily. This indicates that CFAS on GaAs have a possibility of high spin polarized spin injector for GaAs. Nevertheless, CFAS on GaAs has not been investigated yet, while other Co-based full-Heusler alloys on GaAs have been investigated. 13, 14) Since, the purpose of this study is to clarify the structural and magnetic properties of CFAS thin films grown on GaAs (001) substrate. In addition, the ferromagnets thin films on GaAs substrates showed the magnetic anisotropy 14, 16, 17) and the mechanism of this magnetic anisotropy has not cleared yet. Hence, we will discuss the mechanism of this magnetic anisotropy also.
Experimental Procedure
The CFAS thin films were prepared by molecular beam epitaxy (MBE) under a base pressure of 1 Â 10 À7 Pa. Before the growth of the CFAS layer, the GaAs (001) substrate was annealed at 700 C for removal native oxidize, and then several-dozed-nm-thick GaAs was deposited at 680 C. Such treated substrates showed 2Â4 reconstructured surface. The substrate temperature was gone down to room temperature and the system was pumped until the pressure dropped to around the base pressure for removal of As completely. Then, the CFAS layers were deposited at T SUB (T SUB ¼ 300 C or 400 C) and we also fabricated the CFAS thin films which were deposited at room temperature and then annealed at T PA (T PA ¼ 300 C or 400 C). The thickness of CFAS was between 5 nm and 30 nm. The films were then transferred to a sputtering system and capped with a 3-nm-thick layer of Ta.
The crystalline structures were analyzed by in situ reflection high energy electron diffraction (RHEED), X-ray diffraction (XRD) and transmission electron microscopy (TEM). In XRD measurements, out-of-plane (2= scan) and in-plane (2= scan) diffraction measurements were performed to detect diffraction signals from lattice planes of perpendicular and parallel to the sample surfaces, respectively. The magnetic properties were measured using vibrating sample magnetometer (VSM) at room temperature.
Results and Discussion
Figure 1(a)-(d) show the RHEED patterns of CFAS layer fabricated each condition. The thickness of CFAS was all 30 nm and the observation was performed along ½110 GaAs direction. The streak patterns were observed in all annealing conditions, indicating that all CFAS grew epitaxially on GaAs. Moreover, additional half ordered streak patterns in between the primary patterns [as marked by the arrows in Fig. 1 (a)-(c)] were also observed except fabricated at T PA ¼ 300 C. These additional patterns indicate the CFAS thin films have L2 1 -ordered structure except fabricated at
18) The CFAS layers on Cr buffered or MgObuffered MgO (001) substrate need the post annealing over 500
C to obtain the L2 1 structure. 15, 19) Therefore, it considers that the CFAS on GaAs is ordered easily because of small lattice misfit between CFAS and GaAs.
The XRD patterns of 30-nm-thick CFAS films fabricated on each condition are shown in Fig. 2 . In addition to peaks from GaAs substrate, only CFAS (200) and (400) peaks were exhibited for all conditions. In 2= scans which incident direction was GaAs (001)[100] (Fig. 2(b) ), the peaks around 32 and 65 were asymmetric against the angle of GaAs (200) and (400) peaks. Therefore, it is considered that the peaks of CFAS (200) and (400) were overlapped with peaks of GaAs (200) and (400) because of low lattice mismatch between CFAS and GaAs. The existence of a peak of (200) superlattice indicates that CFAS is ordered B2 structure. Hence, it is revealed that the CFAS thin film post-annealed at T PA ¼ 300 C had B2 structure from RHEED patterns and XRD patterns. Moreover, there is no other phase in all films excluding CFAS and GaAs. The epitaxial relationship between CFAS and GaAs is found to be CFAS (001)[100] k GaAs (001) [100] . In addition, the oscillations were observed around CFAS (200) peaks in the postannealed CFAS thin films (The inset in Fig. 2(a) ). This indicates a high crystal quality, interface perfection and smooth surface. 20) We also observed the cross-sectional TEM images of CFAS thin film post-annealed at T PA ¼ 400 C, shown in Fig. 3 . There was no other phase at CFAS/GaAs interface either and the sharp interface was realized.
The in-plane and out-of-plane lattice constants were estimated from CFAS (200) peaks, shown in Fig. 4 (in-plane (100) and out-of-plane). Another in-plane lattice constant estimated from CFAS (220) and (200) peaks are also shown (in-plane (010)). The in-plane lattice constants are smaller than those of out-of-plane, and both become close values as the film thickness becomes thick. In the CFAS on Cr-buffered MgO substrate, in contrast, the lattice constant of in-plane was larger than that of out-of-plane. 21) Additionally, both inplane and out-of-plane lattice constants settled to around 0.573 nm which is larger than balk value of 0.568 nm. 22) Therefore, it is thought that it was compressed into in-plane in the vicinity of the CFAS/GaAs interface because the lattice constant of CFAS is larger than that of GaAs actually. Moreover, in-plane lattice strain was observed in samples deposited with substrate heating while there was no in-plane lattice strain in post-annealed samples from estimated inplane lattice constants. 
C. The first half-order streaks marked by arrows are (11) and (-1-1). magnetization to ½110 GaAs and ½1 1 10 GaAs (M r ½1 1 10=M r ½110) was given as a function of CFAS thickness. As shown in Fig. 5(b) , M r ½1 1 10=M r ½110 decreases by reducing the CFAS thickness except the CFAS thin films deposited at T SUB ¼ 400 C. This tendency except the CFAS thin films deposited at T SUB ¼ 400 C indicates that these magnetic anisotropy derived from CFAS/GaAs interface. Such magnetic anisotropy in ferromagnets on GaAs has been reported, 14, 16, 17) however, the mechanism of that is not clear now. Additionally, the CFAS on MgO-buffered CFAS has also shown such magnetic anisotropy, however, the enough high spin polarization has been observed with that. 18, 19) Hence, it is considered that this magnetic anisotropy doesn't become a problem in obtaining high spin polarization. There are many candidates of such magnetic anisotropy origin, for example, formation of an interface alloy, surface reconstruction of GaAs, anisotropic interfacial bonds and anisotropic strain relaxation. 19) From our results of XRD measurements and TEM observation, there was no formation of the interface alloy and there was no relationship between in-plane lattice strain and magnetic anisotropy. Therefore, it is suggested that those are excluded from the origin of magnetic anisotropy of ferromagnet on GaAs. Figure 6 shows the saturation magnetic moments ( s ) and the coersivity (H c ) for CFAS thin films on GaAs estimated from magnetic hysteresis loops with a magnetic field applied in-plane along the easy axis (½110 CFAS ) as a function of the CFAS thickness. The coersivities are almost the same value in CFAS thin films on MgO substrate. On the other hands, the magnetic moments are about 25% lower than theoretical value of $5:5 B /f.u. (L2 1 -ordered CFAS) . 19) Such a reduction of magnetic moments has been observed in NiMnSb/GaAs, 23) Co 2 MnSi/GaAs 24) and Co 2 MnSi/MgO/ GaAs.
14) It is thought that reduction of the magnetic moments is derived from formation of interface alloy. However, the magnetic moments in this study showed independence on CFAS thickness in all annealing conditions and it was indicated that there is no other phase excluding CFAS and GaAs from XRD measurements. Although the other mechanisms are suggested such as lattice strain 25, 26) and the effects of film and substrate morphology, 16) the reason for this is not clear yet. The highest magnetic moment was 4.8 B /f.u. with the CFAS thin film deposited at T SUB ¼ 300 C. The CFAS thin film deposited at T SUB ¼ 400 C showed lower magnetic moment than the CFAS thin film deposited at T SUB ¼ 300 C. In general, the magnetization of full-Heusler alloy thin film deposited at higher temperature is sure not to decrease because that is ordered more.
27) Hence, it is considered that the formation of interface alloy might start by CFAS/GaAs interface in CFAS thin film deposited at T SUB ¼ 400 C. In conclusion, the L2 1 -ordered CFAS thin films were grown on GaAs epitaxially with CFAS (001)[100] k GaAs (001)[100] relation and there was no other phases. The CFAS thin films on GaAs showed strong uniaxial magnetic anisotropy, in addition, it is suggested that interface alloys and in-plane lattice strain are excluded from the origin of magnetic anisotropy of ferromagnet on GaAs.
